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ABSTRACI" 
In the oxygenated excised squid (Loligo pealii) stellate ganglion preparation one 
can produce excitation of the stellar giant axons by stimulating the second largest 
(accessory  fiber, Young,  1939) or other smaller  preganglionic  giant axons.  Impulse 
transmission  is believed to occur at the proximal  synapses of the stellar giant  axons 
rather than the distal (giant) synapses which are excited by the largest giant preaxon. 
Pro~rnal synaptic transmission  is more readily depressed  by hypoxia and can be 
fatigued independently of, and with fewer impulses than, the giant synapses.  Intra- 
cellular  recording from the last stellar axon at its inflection in the ganglion  reveals 
both proximal and distal excitatory postsynaptic potentials (EPSP's). The synaptic 
delay, temporal form of the EPSP, and depolarization for spike initiation were similar 
for both synapses. 
If the proximal EPSP occurs shortly after excitation by the giant synapse it re- 
duces the undershoot and adds to the falling phase of the spike. If it occurs later it 
can produce a second spike. Parallel results were obtained when the proximal EPSP's 
arrived earlier than the EPSP of the giant synapse. 
In fatigued preparations it was possible to sum distal and proximal or two proximal 
EPSP's and achieve spike excitation. 
INTRODUCTION 
Young (1939) showed that in the squid the third-order stellar giant axons 
receive synaptic  contact from at  least  two  second-order preganglionic giant 
axons from the palliovisceral ganglion. Each stellar giant axon has two synaptic 
areas. The distal or "giant" synapses, from branches of the largest pregang- 
lionic  giant  axon,  are  excitatory and  have  been studied  in  detail  (Bullock, 
1948; Bullock and Hagiwara, 1955,  1957; Tasaki and Hagiwara, 1957; Bryant, 
1958).  The proximal  synapses  are  with  the  next  larger  axon  or  "accessory 
fiber" (Young, 1936)  in L. forbesi and possibly with other smaller giants in L. 
pealii.  The  proximal  synapses  differ from  the  giant  synapses  in  that  with 
silver staining they appear as an array of end knobs touching the component 
fibers proximal to the region at which they fuse to form the stellar giant axons. 
* Work accomplished during tenure of a Lalor Fellowship. 
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Previous attempts to detect a physiological sign of activity of the proximal 
synapses by stimulating the accessory fiber were unsuccessful  (Bullock,  1948; 
Bullock  and  Hagiwara,  1957).  Equilibration  in  oxygen-saturated  medium 
(Bryant, 1958) seemed likely to improve their function. This paper is concerned 
with the properties of the proximal synapses and the interaction of their excita- 
tory effect with  that  of the  giant  synapses.  A  preliminary account  of these 
findings has appeared elsewhere (Bryant, 1957). 
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Fzo.  1.  Diagram  of  squid  steUate  ganglion  preparation  indicating  the  distal 
(giant) and proximal (accessory)  synapse system and the placement of stimulating 
and recording dectredes. 
Methods and Materials 
Stellate ganglia were excised  from squid  (Loligo pealii)  with 2  to 3 an.  of pre- 
ganglionic  and  1 cm. of postganglionic (last stellar)  nerve. The preparations were 
equilibrated for varying lengths of time in sea water saturated with oxygen. They 
were  then  usually  removed to  a  dark-field illuminator  for identification  and  dis- 
section  of appropriate axons from the  pregangiionic  nerve  trunk.  This procedure 
was sometimes carried out in the recording chaxnber without the advantages of the 
dark field; this permitted monitoring of the impulses elicited by stimulation at differ- 
ent stages of the dissection.  Usually the largest preganglionic  axon which innervates 
the giant synapses was separated from the nerve trunk for about 5 to 10 mm. before 
it entered the ganglion  (Fig.  1). Here it was draped over the fine stimulating elec- 
trodes (S~) held at some distance from the nerve trunk. Because of the lower threshold 
it could normally be stimulated in the bath without stimulating other fibers in the 
trunk.  On occasions  when its threshold  was high,  presumably because of the  dis- 
section,  its  separate stimulation  was  not  possible.  The  accessory fiber and  other 
smaller giants were stimulated in the nerve trunk some 2 to 3 cm. from the ganglion 
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elimination; i.e., by cutting the test axon at the point where  the large preaxon was 
removed from the  trunk and observing cessation of activity. The reverse situation 
was also utilized;  i.e., the small axons were removed near the ganglion  and the large 
preaxon stimulated at the terminus of the nerve trunk. This latter arrangement was 
not as satisfactory. 
Microelectrodes  were inserted into the postaxon at the bend within the ganglion 
which is between the fusion of the component axon branches and the giant synapse. 
This was as near as practicable to both the proximal and the distal synaptic fields. 
The synapses are 1 to 3 mm. apart, or each within 1.5 ram. of the recording site. The 
general procedure  of dissection,  oxygenation, and  microelectrode  recording was  as 
previously described  (Bryant, 1958). 
Following  Young (1939), synapses on the stellar giant axons associated with the 
largest preganglionic  axon will hereinafter  be called  distal  or giant  synapses, and 
those synapses associated with  the accessory or other smaller fibers  will be called 
proximal synapses. 
RESULTS 
A.  Proximal Synapse  Activity and Postsynaptic  Potentials.--In  the  stellate 
ganglion preparation (Fig.  1) after oxygenation for 20 minutes or more, stimu- 
lation of the intact prenerve trunk at $1 leads to the development of an excita- 
tory postsynaptic potential  (EPSP)  and  to excitation of the  postaxon.  This 
still  occurs after the largest preaxon is sectioned.  On systematically sectioning 
one  by one  the  remaining  smaller  giant  axons,  transmission  usually  ceased 
when the next smaller (50 to 100 #) preaxon (accessory fiber) was cut, but occa- 
sionally only after some of the group of 30 to 50/z axons were sectioned. Stim- 
ulation  of  the  small  (1  to  10  #)  axons  did  not  produce  an  EPSP  or 
other  postsynaptic change. 
The proximal synaptic responses were always in the direction of depolariza- 
tion.  Nothing  suggested  inhibition;  e.g., hyperpolarizing  synaptic  potentials 
or block of giant  synapse activity.  The proximal EPSP  resembled that  pro- 
duced by distal synapse excitation.  In the unfatigued state their initial  rates 
of rise and critical membrane potentials for spike initiation were similar. When 
as a  result of fatigue no spike is generated,  the proximal EPSP  is similar to 
the distal (Fig. 2, B and D). 
If the nerve trunk is being stimulated as 5'1 at the time of cutting the largest 
preaxon, there is an immediate increase in transmission delay of about 2,msec. = 
Since there are 3  cm. of preganglionic nerve, this delay can be accounted for, 
on the basis of lower conduction velocities in the smaller giant axons at  this 
temperature. In the cold (5 to 10°C.) one could sometimes record two EPSP's 
with  spikes  about  2  msec.  apart  when  stimulating  the  intact  preganglionic 
trunk at $I. In this event recovery from refractoriness in the postaxon is prob- 
ably sufficient  to allow  re-excitation when  the  delayed impulse arrives from 
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B.  Proximal Synaptic Delay.--As  with the giant synapse, in some prepara- 
tions a small multiphasic potential (ca. 1 inv.) appeared in the record preceding 
the  proximal  EPSP  (see  Fig.  2),  and  disappeared  simultaneously  with  the 
EPSP on lowering the strength  of stimulus.  Though simultaneous preaxonal 
recordings were not  made,  this  was  assumed  to  be  the  attenuated  proximal 
preaxonal spike. With this assumption one could estimate the synaptic delay 
for the proximal synapse. It was  constant  in  a  given preparation but varied 
from one preparation  to  the next from 0.8  to  2.0  msec.  in  the  temperature 
range of 15  ° to 20°C.  The small sign of the accessory axonal spike was occa- 
FIG. 2.  Proximal and distal postsynaptic potentials after fatigue.  A and B, proxi- 
mal, just before and just after enough fatigue to block transmission;  C and D, distal, 
the same. In each record the upper trace, at gain about tenfold,  shows presynaptic 
spike and synaptic delay. 
sionally larger than that of the distal synapse. As with the latter (Bullock and 
Hagiwara,  1957),  the delay at the proximal synapse did not appear to change 
during a rapid (0.1 to several seconds) fatigue of the synapse. 
C.  Interaction  of  Proximal  with  Distal  Synaptic  Fields.--By  varying  the 
delay between stimuli at $1 and $2 one can time the arrival of proximal and 
distal impulses at the same postsynaptic recording field. Fig. 3 shows the results 
when the giant synapse stimulus is held constant with respect to the beginning 
of the sweep and the time of the proximal EPSP is varied. When the proximal 
EPSP is timed to arrive 1.5 to 2.0 msec. before or after  the distal  EPSP and 
spike (Fig. 3, A, B  and F), it gives rise to a  second spike. Taking the time of 
second spike generation as a measure of effective refractory period of the post- 
axon, this value is the same at both synapses. An EPSP of the proximal synapse 
arriving within 0.1  to  1.5 msec. after the giant synapse EPSP has generated 
a  spike can lessen the spike undershoot and add  to  the falling phase of this S.  It.  BRYANT  613 
spike  (Fig.  3  C).  The proximal  EPSP  did  not  measurably affect the  rising 
phase or peak of the spike. A proximal EPSP arriving approximately 0.1 msec 
earlier than the distal EPSP, (Fig. 3, D, E and F), if not too reduced by fatigue, 
will give rise to a spike followed by an EPSP from distal excitation. 
FIG. 3.  Interaction  between  proximal  and  distal  synaptic potentials.  D  and  P 
under each record indicate timing. 
If both  synapses are  fatigued just  enough  to fail  to produce a  spike,  one 
can sum the EPSP's in  the  early rising  phase  and  achieve  excitation.  One 
can sum EPSP's from proximal and distal synapses (Fig. 4 A) or from acces- 
sory and smaller preaxons (Fig. 4 B). 
D.  Oxygen Requirements, Fatigue, and Recovery.--The  proximal synapse is 
more sensitive than the distal to hypoxia and fatigue. In contrast to the distal 
synapse, in the freshly removed preparation or in one oxygenated less than 20 
minutes the proximal EPSP is small or absent and no spike is generated. In 614  PROXIMAL  SYNAPSES  OF  SQIJID GANGLION 
the  same preparation oxygenated for an hour or more, the proximal synapse 
produces spikes. 
In the well oxygenated preparation, after a short burst of 5 per sec. stimula- 
tion the rate of rise of the proximal EPSP is greatly reduced and impulse gen- 
eration is quickly blocked. With the same tetanic burst the distal synapse shows 
FIG. 4.  FIG..5. 
FIG. 4.  Summation of synaptic potentials producing a  spike. Upper trace in each 
record as in Fig. 2. A, proximal plus distal.  B, accesory plus smaller giant preaxon. 
FIG. 5.  Fatigability of proximal and distal synapses. Bursts of 5 per sec. stimu- 
lation at St and $2 (see Fig.  1) until proximal synaptic block. A, B, and C, successive 
bursts separated by 1 minute of rest. 
no detectable changes in EPSP. On the first 50 per sec. stimulation in the well 
oxygenated  preparation,  the  proximal  synapse  fatigues  in  less  than  1  sec., 
whereas the distal takes 20 to 100 sec. This is illustrated in Fig. 5,  in which 3 
successive fatiguings  of the  proximal synapse at  5  per  sec.  were performed, 
allowing 1 minute between each burst for recovery. The distal synaptic excita- 
tion was produced a few milliseconds later on the same record for comparison. s.  ]~.  BRYANT  615 
It  can  be seen that  the proximal  synapse fails after relatively few shockS, 
whereas the distal EPSP is not changed.  Similar  results were obtained when 
the same experiment was performed with  the distal  EPSP occurring  earlier 
than the proximal. 
Fatigue of the proximal synapses did not fatigue the distal synapse and 
rersa. It is interesting to note in Fig. 5 that at the time when the proximal spike 
fails and the distal EPSP is superimposed upon the falling phase of the pro~dmal 
EPSP the second spike is initiated at the same membrane potential despite a 
greater initial depolarization. This was interpreted to mean:  (1)  that critical 
membrane potential rather than critical depolarization is important for excita- 
tion, and (2) that this portion of the proximal EPSP has no inhibitory compo- 
nent. 
After fatigue sufficient  to flatten the EPSP there is only a slow recovery if 
the preparation  is left unstirred in the dish.  If, however, the oxygen flow is 
resumed, recovery occurs sooner. 
DISCUSSION 
A. Oxygen Requirements.--Bullock  (1948) and Bullock and Hagiwara (1957) 
were unsuccessful in detecting activity of the proximal synapses. Under similar 
conditions of oxygenation little or no synaptic activity was seen in the present 
studies.  The importance  of oxygen to the giant  synapse has been described 
(Bryant, 1958). In these experiments the proximal synapses showed a greater 
depression with hypoxia than  the giant synapses. The speed of action of an 
oxygenated medium in altering transmission suggests that oxygen may assume 
a direct role in this process as well as in recovery. In this respect the oxygen 
dependence of these synapses resembles that of the mammalian central nervous 
system. 
The fact that the proximal synapses do not function in unoxygenated ganglia 
only minutes from removal requires that the ganglion  has in its normal state 
a  sufficient  supply of oxygen in order to be functional.  The efficiency of the 
squid's heart and gill system and the rich vascular supply to the ganglion  are 
consistent with the notion that the proximal synapses are not blocked by hy- 
poxia  in  the intact  animal. 
B. Tke Proximal EPSP and Interaction witk Distal l~PSP.--Because of their 
transient nature the proximal EPSP's are no better suited for temporal summa- 
tion than  the distal  EPSP's  (Bullock,  1948). The finding  that  the proximal 
synapses are purely excitatory rules  out the possibility that  these  synaptic 
fields allow for an inhibitory control of the giant axon relay for mantle contrac- 
tion  (Young,  1939). 
The syrmptic centers of the distal and proximal synapses are 1 to 3 ram. apart. 
The space constant for the extraganglionic  postaxon is about 5ram.  (Schmitt, 
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giant postaxon or its smaller  components, which have not been determined. 
Judging from the similarity of the distal and proximal EPSP's and their ability 
to sum it is probable that the cable properties of the postaxon are similar inside 
and outside of the ganglion. Futhermore, their similarly low critical membrane 
potentials make it possible that  spike excitation is initiated in  the "fused" 
post axon near the distal synapse rather  than  at the small component bran- 
ches. The absence of other prepotentials in the proximal  EPSP  recordings, 
which might suggest conduction from the small branches, supports this view. 
Previous investigators  (Bullock and  Hagiwara,  1957; Bryant,  1958) have 
sometimes found smaller or absent spike undershoot when recording near the 
giant synapse on stimulating the intact preganglionic  nerve trunk. This change 
could be accounted for by the delayed arrival of a proximal EPSP during the 
refractory period of the postaxon.  The  delayed arrival  in  this  case may be 
attributed to the slower conduction in the accessory fibers. The hter phases of 
the EPSP would diminish  the undershoot. This argument would not hold when 
abnormal undershoots accompany antidromic spikes. 
C. Functional Role of Proximal Synapses.--A  possible role  of the  proximal 
synapses as an alternate pathway for mantle contraction may be proposed at 
this  time.  The first-order giant  neurons which lead eventually to the distal 
synapses are bilaterally linked through an anatomical bridge. This situation is 
suitable for bilateral maximal activity of the mantle. The accessory and possibly 
the other small preganglionic  giants have a separate central origin and are not 
obviously linked.  Thus,  graded and unilateral  contraction and perhaps indi- 
vidual  contraction of separate parts  of the mantle  may be possible.  Young 
(1939) has pointed out that a similar "proximal-distal" innervation of the same 
neuronal process occurs elsewhere in the squid's nervous system. 
The proximal-distal synapse system of the stellate ganglion  may be consid- 
ered as a convenient arrangement for the study of the interaction of overlapping 
synaptic influences of two convergent excitatory impulses. This might be analo- 
gous, for example,  to adjacent end-feet on the motor horn cell. 
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